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Abstract

The use of enzymes coupled with supercriticd fluid-based andyticd techniques, such as
supercriticd  fluid extraction (SFE), provides a sdfer environment plaform for the

20 andyticd chemig and reduces the use of organic solvents. Incorporation of such
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techniques not only reduces the use of solvent in andytica laboratories, but can leed to
overdl method amplification and time savings In this review some of the fundamentad
agpects of usng enzymes in the presence of supercritical fluid media are discussed,
paticularly the influence of extraction (reaction) pressure, temperature, and water
content of the extracting fluid and/or sample matrix. Screening of optima conditions for
conducting reections in the presence of SF media (Supercriticd Fuid Reaction, SFR)
can be readily accomplished on automated serid or padld SFE  indrumentation,
induding sdection of the proper enzyme. Numerous examples are cited, many based on
lipase-initicted conversdons of lipid subdrates to form andyticd useful derivatives for
gas chromatography (GC), high peformance liquid chromatography (HPLC), or
supercriticd  fluid chromatogrgphy  (SFC) andyss. In certan cases, enzymatic-aided
processing of samples can permit the coupling of the extraction, sample preparation, and
find andyss deps. The deived methodsitechniques find gpplication in nutritiond  food

andysis, assaying of indudtrid products, and the micro- analysis of specific samples.
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Introduction

Enzymes are highly specific catdyds that can be used in reections to promote sample
cleanrup, separdion and deiveization in a wide range of andyticd applicaions
Severd types of enzymes, eg. lipases, ederases, proteases, amylases and oxidases, ae
bio-catdyticdly active and highly dable in organic solvents (1-5). This is particulaly
useful for applications where the reactants are lipophilic and of limited solublity in
agueous solvents. In addition, the specificity of the enzymes can be dtered when the
reection media is changed from agueous to non-aqueous. For example, lipases normadly
cadyze the hydrolyss of triacylglycerols to free faty acids in agueous solution, but
they catdyze the formation of esers from acohols or carboxylic adids in organic
solvents or supercritica fluids (SFs) (6-8). The activity and dability of enzymes in SFs
was firda demondraed usng such enzymes as polyphenol oxidase (9), dkdine
phogphatase (10), and lipase (11). Since then, there have been many published
invegigations congdering both the adtivity (12-16) and the gdability (17-22) of enzymes
in SFs.

There ae many additiond advantages of peforming enzymaticdly-catalyzed reactions
under supercriticd conditions. There is a beneficid environmenta aspect, i.e. the use of
a SF such as supercriticd carbon dioxide (SC-CO2) ingead of organic solvents and
enzymes as cadyds to do “green chemidry”. In addition, there are severd unique
features of usng SFs as a reaction medium ingead of organic solvents (8). These
indude: (i) faster reection kinetics (i) control of the solubility of the reactants (iii)
conducting reactions in one homogeneous phase and (iv) easy separation of the solvent

from the reaction mixture and resultant andytes. Furthermore, SFs usudly permit
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reactions to be run under mild conditions, moderate temperatures, with the excluson of
oxygen and light.

The SF-based indrumentation to achieve this god can be automated, which increases
sample throughput. Supercritical carbon dioxide is the most commonly utilized SF, due
to its phydcd propeties (i) its low criticd temperature and pressure (31°C and 73 am,
respectively), (i) its chemicdly inetness (i) its avalability in high puity ad
relaively low cod, and (iv) its low toxicty and flammakility. However, other fluids can
be used as wel, as demondrated with ethylene (23), near-criticd propane (23, 24),

fluoroform (23-25), ethane (23, 24) and sulfur hexafluoride (20, 23, 24).

There ae severd excedlent published review papers addressng the basc phase
eguilibrium and kinetics of supercriticd fluid reactions (SFR) (8, 26:3%). A recent
review by Cargpiso and Gada (36) summaizes lipid extractions usng SFE,
microvave asssed extraction, as wel as in-situ derivatizaion resctions usng chemicd
cadyds in organic solvents. However, to the best of our knowledge, a review focused
on the andyticd use and goplications in SFE/SFR have not been reported in the

literature.

In this review, the advantages of usng enzymes in super- and sub-critica fluids are
discussed from an andyticd perspective.  Paticularly, the gpplicability of using
different lipases is trested, with a specid emphads on the lipase from Candida
antarctica type B (Novozyme 435), because of its demondrated compatibility with SFs
Important  experimentd  parameters are discussed and ways to optimize ther use ae
suggested. Pertinent gpplications are reviewed, including for example, the use of lipases
for: (i) methyl ester formation in the determination of nutritiond fat in meats (37); (i)

methyl eter formation in the determination of faty acids in sogpstocks (3B) and plant
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seeds (39, 40); (iii) ederification of tal ol for the determination of different compound
classes (41); and (iv) hydrolyssdcoholyss of fat and vitamin A edes for the
determination of fat-soluble vitamins in foods (42). Future gpplications of interest in

andytica chemidtry are dso discussed.

Enzymes of utility

Enzymes are classified according to the type of reaction they catdyze, and assgned a
desgnation by the Enzyme Commisson (EC), the firda number which identifies ther
generic group (43), such as 1. oxidoreductases, 2. transferases, 3. hydrolases, 4. lyases,
5. isomerases and 6. ligases. Severd different types of enzymes have been used for
reactions under supercriticd conditions, especidly hydrolases which indude lipases
(EC 31.13) (11), esterases (EC 3.1.1.1) (3), proteases (EC 3.4.4.-) (44), anylases (EC
321.-) (45), dkdine phogphatase (EC 3.1.31) (10), b-D-gdactosdase (EC 32.1.23)
(46) and cdlulase (EC 3.2.14) (47). Severd oxidoreductases have dso been used with
SFs, induding cholesterol oxidese (EC 1.1.36) (48), polyphendl oxidase (EC 1.10.3.)
9, dcohol dehydrogenase (EC 1.1.1.1) (15) and horseradish peroxidese (EC 1.11.1.7)
(49), as wdl as themolysn (EC 3.4.24.27) (50). Figure 1 indicates the number of
research papers deding on the use of such enzymeswith SFs.

Figure 1

More than ninety percent of the papers cited in Figure 1 are concerned with the use of
lipeses in SFs. Consequently, this dass of enzyme will be discussed bdow in more

detail.
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Lipases

Lipasss are the most commonly used enzymes under supercritical conditions, due to the
solubility of reactants and products in SFs. In addition, their excdlent dability, activity,
and gereosdectivity in SFs have been demondrated extensivdy (11, 12, 18, 21, 44, 51-
59). Lipases can cadyze a plethora of reactions There ae severa hundred

commercidly avaldble lipasss, which have been isolaed from plants animds or
microorganism cultures. Severd of these have been used as cadyds coupled with SFs.
These pecific lipases are listed in Table 1.

Table 1

Lipases ae sarine ederases with 3-D dructures congding of eight pardld b-sheets
surrounded by a-hdices (60). Mot lipases have a lid covering the active ste, which
opens upon interacting with an oll/wae inteface for activity to be exhibited, i.e
interfacia activation. Hence, lipases require access to a lipid phase for them to catayze
reections with long-chain acylglycerols mogs  efficiently. The physologicd role of
lipases is digedtive, but in non-agueous media severd other reection paths are possble
These reactions can be classified asfollow (31):

Hydrolysis (RCOOR' + H,O ® RCOOH + R OH)

Edeification (RCOOH + ROH ® RCOOR’ + H;O)

Intereterification (RCOOR + R“"COOR™ ® RCOOR™ + R“COOR")

Alcoholysis (RCOOR +R“OH ® RCOOR” + R OH)

Acidolyss (RCOOR + R“"COOH ® R"COOR" + RCOOH)

Aminolyss (RCOOR + R“NH, ® RCONHR~ + R OH)
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A gmplified mechaniam for such reections liged aove is shown in Fgure 2 with
triacylglycerol as modd subgtrate.

Figure 2

Figure 2 reveds that the mechaniam of the initid sep (dep 1) is identicd for dl the
different reaction paths, in which a lipase-substrate complex is formed. The second step
(sep 2) differs, in which the atacking nudeophile (R4-OH) can be a water molecule
(viddng hydrdyss) or an doohol (yidding ederification).  Intereterification,
dooholyss, adidolyss and aminolyss reections commonly termed transedterification
reections, initidly undergo hydrolyss with waer as dtacking nudeophile, followed
directly by ederificstion (61). For additiond information concarning reaction
mechanisms and chemigry of lipases, the reader is referred to severa excdlent books

and review articles (60-62).

Ederasss, like lipases, hydrolyze carboxylic acid esters without the need for a cofactor,
and the generd resction mechanism is the same as the one illustrated in Fgure 2.
However, ederases primarily catdyze reactions with water-soluble esters or short-chain
acylglycerals. They do not have a lid covering ther active dte hence they do not
require access to a lipid phese for intefacid activation as lipases do. Interestingly, the

physiologica role of most esterases is ill unknown.,

Immobilization

Enzymes used as catdyds in continuous SFE reections are usudly immobilized on a
support materid. Immobilization improves the dability and activity of the enzymes, and
dlows thar reuse (63). The support materid should be inert, porous to facilitate

diffuson, mechanicdly drong, and loaded with enzyme a the levd of a leest one



10

15

20

monolayer. Moreover, it has been shown by Persson et d. (64) that a higher enzyme
loading gives maximum eactivity a a lower water content than when used & a lower
enzyme loading. Hydrophobic polymers such as Accurd MP1000° are commonly used,
but slica gels (12, 65), ion exchange resins (12, 66), ceramics (66) and glass beads (12,
66-68) have ds0 been usad as support materids Immobilization of the enzyme to the
support materid is in most cases peaformed by adsorption (12, 69), but covaent
atachment to the support materid by crosslinking is dso utilized, frequently by
incorporating glutarddehyde (66-68). In addition, an enzyme can dso be immobilized
on slica gds by entrgpment (70). Enzymes atached to hydrophobic membranes by
adsorption or to nylon membranes by covdent linking have dso been used in certain

food processing gpplications (72).

Selectivity of lipases

The shape of the binding dte differs among enzymes. Pess e d. (72) divided sx
lipases and two ederases into three groups depending on whether their binding sStes
were funne-, crevice- or tunne-like For example, the binding dtes of CALB and PCL
are funnd-like, while dtes associated with RML and ROL are crevicedlike and CRL is
tunneklike (see Table 1 for enzyme dbbreviations). These different shapes of binding
stes affect the sdectivity of the lipases towards the subgtrates. The sdectivity can be

dereosdective, regiospecific or lipid-class specific, as noted below.

The dereosdectivity of lipases has ubiquitoudy been used to resolve enantiomers of
secondary  dcohols  (60), induding gpplications where SC-CO, has been used as
reection medium for the producion of enantiomericaly-pure  pharmaceutica

compounds, such as menthol (65), ibuprofen (73), and 3-hydroxy esters (74, 75). The
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enantiosdectivity can be increesed by modifying the shape of the subdrate, for example
by increesing the Sze of one of the subgtituent of the secondary acohol. However, if the
subdrate is too large, or the binding dte reaively smdl or narow, there is a risk of
deic inhibition a the binding ste. This was shown to be a problem for the lipase-
cadyzed hydrolyss and adcoholyss of a-tocopheryl acetate in SC-COy/ethandl (973,

vIv), hexane/ethanal (87.5:12.5, v/v) and water-saturated di-isopropy! ether (76).

Many lipases are regiospecific, or 1,3-specific with respect to action on triacylglycerols.
This means that they primarily catdyze reections a the primary (outer) postions of a
triacylglycerol. Some examples of 1,3-specific lipases ae ROL, RML and PPL (see

Table 1).

Severd lipases are spedific for various lipid-classes. For example, many lipases catdyze
reactions with triacylglycerols much fager than with d- or monoecylglycerals (77). In
addition, some lipases favor longchain fatty acids with respect to short-chain faity

acids.

Choosing the optimal enzyme

It is obvious that there are many commercidly-avalable enzymes that differ in terms of
ther subdrae specificity, debility, activity, and different types of sdectivity or non-
sdectivity. In order to sdect a auitable enzyme for a gspecific andyticd goplication a
group of enzymes is screened in a s&t of experiments. For example, Frykman et d. (69)
screened ten immobilized lipases for ther ability to form methyl esters usng andyticd
“inverse” packedbed SFE, and compared their exhibited activity in SG-CO> with ther
hydrolytic activity in agueous media They found that the lipase activity and subdrae

goecificity exhibited in the two solvent sysems were completdy different. It is for this
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resson advissble to peform such screening experiments in the presence of the Sk
Moreover, parameters that have a mgor impact on the enzyme activity and gtability
should dso be varied during these screening experiments, in order to make a confident

regection of enzymes thet exhibit alow activity.

A lipase that hes found wide agpplicability is immobilized Candida antarctica Type B
(commercidized by Novozymes A/S, Bagsvaard, Denmark, and manufactured as
Novozyme 435). This paticular lipase hes only a smdl lid configuration and shows
only a minor dependence on intefacid ectivation (60). Moreover, it demondrates a
high enatiosdectivity towads doohols but a low enattiosdectivity towards
carboxylic acids. Immobilized CALB (Novozyme 435) has broad subdrate spedificity,
and works well as a cadyd in andyticd continuous flow-SFE systems (37-40, 76, 78,

79, as discussed below.

Parameters of the SFE/SFR system

The paameters of the supercriticd sysem should be optimized in order to achieve the
highest possible activity and dtability of the enzyme A high catdytic activity is of high
importance, since it directly affects the reaction rate and production of desred andytes.
Important  extraction/rection  parameters  that  influence  enzyme  activity are,
temperature, pressure and water content of the SF and enzyme. The dability of the
enzyme afects its long-term activity, paticularly with respect to the onset of enzyme
denaturation. Parameters that primaily influence long-teem enzyme debility ae the
water content, temperature, and any cosolvents used with the SF. In addition, the yidd

of the enzyme-catalyzed reaction can be affected by the flow rate of the SF.

10
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Water content in the SFE/SFR system

The water content of the system is one of the most important parameters to condder, as
it affects both the activity and gability of the enzyme in a complex manner. The effect

of water on enzyme catalys's can be summarized asfollows

A gndl amount of waer dose to the enzyme surface, typicdly a monolayer, is
needed for the enzyme to be active (80). This water is cdled “bound water” since it
is tightly associated with the enzyme, and assds the enzyme in mantaining its
active conformation. It has been shown by Randolph & d. (81) and Dumont e 4d.
(82) that “bone-dry” SC-CO, removes bound water, thereby reversbly deectivating

the enzyme.

Gengdly, the enzyme activity increeses with the water content of the support

materid, because water increases the flexibility of the enzyme (6).

Water affects the course of the lipase- or esterasecatdyzed reection, since water
promotes hydrolyss. Water is a by-product in eteification reactions, and is initidly
needed in transesterification reactions even though its net production is zero (61).

Too much water on the support meterid leads to mass trandfer limitetions, since the

waer forms a hydrophilic barrier hindering contacting between the reectants in the

SF and the active Stes of the enzyme (51).

Lage amounts of water may cause protein unfolding due to rupture of disulfide
bonds and hydrolyss of peptide bonds, resulting in irreversble denauration of the
enzyme (82).

Enzyme denaturetion may aso occur due to the release of bound weter from the

enzyme during the depressurization step (83).

1
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The water concentretion of a reaction system is usudly described by the water activity,
av (1. The g dexribes the levd of enzyme hydration and can vary between O (for a
dry sysem) and unity (for pure water). If the sysem is a equilibrium, the g will be the
same in dl phases of the system, i.e. support materid and in the SF for a two-phase SFE
sydem. Different fluids or fluid/cosolvent mixtures will yidd a different digtribution of
water on the support maerid, depending on ther ability to dissolve water. Hence, the
optimd initid waer content of a fluid for a given reaction may vay widdy between
different fluids, but the optimd a, should be kept condant. It is therefore of
fundamentd importance to optimize the a, of the sysem, and to try and keep it as
condant a possble during the extraction/resction process, as adding water
continuoudy to the SF if needed. Organic solverts and enzyme prepardions in a clossd
amosphere can be pre-equilibrated to a desired @ usng sauraed sdt solutions (84). In
a supercriticd system, the distribution of water between the SF and the support materiad
can be deermined expaimentdly usng an duminum oxide humidity sensor (85) or

Karl-Fischer titration (12, 86).

The water didribution will depend on the properties of the SF (pressure, temperature,
eic) and the type of support materid. Geneardly, enzyme denauration (due to protein
unfolding) is promoted by water condensng from the SF onto the support maerid.
Hence, the waer solubility in the SF (87) is the most important factor to condder. An
eguation for caculating this, taking account of the effect of temperature and pressure,
has been proposed by Chradtil (838). It is notable that the water solubility is only 0.878
mM (i.e. 0.016 g/L) in n-hexane a 40°C and ambient pressure, while it is about hundred
times higher in SGCO, a pressures above 15 MPa (26). With ethanol present as

cosolvert, the solubility of water in SC-CO, a 40°C and 13 MPa is 211 g/l (300 mM
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ethanol) and 29 gL (450 mM ethanol), compared to 151 g/L with no ethanol added

(86).

Maty e d. (86) dudied the effects of waer content on the RML-catdyzed
eseification reection between oleéc acid and ethanol in both SC-CO, and hexane

Water adsorption isotherms were determined between the SF and the enzyme support
maeiad usng Kal-Fisher titration of the support materid, as wdl as the ethanolic
cosolvent, after a spedific incubation time, and with dow depressurization of the SF. It
was shown that a water content of the support materid of ~10% (w/w) gave the highest
activity (measured as the initid reection rat€), independent of operation conditions or
reection media Severd other researchers have likewise found “bell-shaped” curves for
enzyme activity versus water content (51, 89-91). It was dso demondrated by Marty et
d. (86) tha the adsorption of waer to the support materid in the SF system was
negatively affected by increesng the temperaiure, the pressure, or the ethanol

concentration.

The effect of water content of the support materid on the enzyme dability was
investigated by Chuldaksananukul e d. (19) for the RML-catdyzed dcoholyss
reaction between geraniol, and eders like propyl or ethyl acetate. In this case, the
addition of waer to the SF sysem caused a decrease in resdud enzyme activity (i.e
enzyme dability) for each temperature investigated (40, 60, 80 and 100°C). For every
increese in temperature a corresponding decrease in resdud enzyme activity was dso
recorded. Hence, it can be concluded that RML undergoes themd denaturation, and
water accelerates the process. Severd other excdlent publications describe the effects of
the water content on enzyme activity and dability under supercriticd conditions (12,
51-53).

13
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Temperature

The reection temperature affects both the activity and dability of the enzyme
Increesing temperature increases diffuson rates, thereby resulting in fagter reactions,
gnce the reection rate is in most cases limited by dow diffuson of larger molecules into
the porous enzyme support materid. However, high temperatures increase the risk of
theemdly denaturing the enzyme, which is accderated when water is present. Hence,
there is usudly an optimd reection temperature, which is dependent on type of enzyme,
upport  maerid, immobilization technique and reaction medium. Habulin & d. (92)
demondrated that for immobilized RML in a solvent-free system a ambient pressure,
an increase in activity occurred with temperature up to 50°C, and theregfter, enzyme
activity decreased a higher temperatures due to therma denaturation. However,
Overmeyer et d. (18) showed excdlent gability and activity for Novozyme 435 in dry
SC-CO, a temperatures above 100°C. A smilar trend was dso found by Turner et d.
(76) in lipesecadyzed transformation of retinyl padmitate to retinol in andyticd
packed-bed SFE. Thee results ae shown in Figure 3 and demondraie the high
temperature stability of CALB in SG-CO, containing 3 vol% of ethanol and 0.15 vol%
of waer. RML on the other hand, was found to gain activity when the temperature was
increased from 40 to 60°C, but logt activity at 80°C.

Figure 3

Pressure

The reaction pressure primaily influences the enzyme activity, whereas the effect on
enzyme dability is less pronounced. An increese in pressure of the SF normdly

enhances the converson raie due to increased andyte solubility (67, 93), however, a

14
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ome point, the enzyme activity darts to decresse with incressing pressure (18, 94).
This has been attributed to the lower mass trandfer rates of reactants with increese in
SC-CO, densty (94). Moreover, higher enzyme activity a near-criticd conditions
compared to supercriticd conditions in CO. a higher pressure has been reported (73,
R, 95). Such dfects were explaned by the lower solubility of waer in CO, (leaving
more water avalable for the enzyme) (92), fagter diffuson raes (73), and enhanced

electron-accepting power of the SC-CO2 (95).

The effect of pressure on the enzyme gsability is usudly quite smdl, even though it hes
been suggested tha enzyme denaturation might occur during the depressuristion step
due to the fast release of CO, disolved in the enzyme-bound water. This effect was
sudied for trypsns (83), penicllin amidase (83), and crude CRL (21), and it was found
that enzymes containing disulphide bridges were more dable to  depressurizetion.
Turner et d. (76) demondraed that increesng the pressure from 2500 to 5500 ps (172
to 379 ba, & 70°C) resulted in an improved extraction and CALB-catayzed reaction of
retinyl pamitaie to retinol from milk powder, resulting in 100% retinol recovery a 5500
ps (379 bar). It was dso shown that a higher pressure, 7000 ps (483 bar), the retinol
converson dramaticaly dropped to bdow 20%. Hence, it gopears tha enzyme

denaturation is occurring during the course of the reaction at high pressures.

Cosolvents

Cosolvents such as ethanol or methanol are usudly added to the SF to enhance the
solubility of the andytes in the fluid andlor to facilitate the desorption of the andytes
from the sample matrix as wel as from the enzyme support materid. Such cosolvents

dso save as reactants in the reaction. In a study by Randolph et d. (81), it was

15
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demondrated that the addition of cosolvents caused aggregation of cholesterol
molecules, which increesed ther rate of oxidation to choletenone when catdyzed by
cholesterol oxidase. However, there ae negative effects of usng cosolvents. For
exanple, the coolvent may paticipate in dde-reections, thereby giving rise to
undesrable by-products In addition, ethanol has been shown to inhibit enzyme activity
(51, 52, 86, 0, M) ad dx to dehydrate the enzyme, since water is more luble in SF
containing ethandl (52, 86). It is therefore important thet the type of modifier and its
concentration in the S be caefully optimized. The didribution of cosolvent between
the SF and the support materid is determined by the solubility of the cosolvent in the

S, whichinturn is controlled by the temperature, pressure and weter content of the SF.

Flow rate

The flow rate of the SF in continuous packed-bed sysems has the role of trangporting
the andytes from the sample marix, through the enzyme-bed and findly to the
collection device. The flow rate dso can accderae mixing, which even a low flow
rates removes the rae-limiting effect of externd diffuson (i.e the diffuson from the
bulk to the surface of the enzyme), due to the high solute diffusivities in SFs. A higher
flow rate leads to a shorter mean residence time of the subdrates in the enzyme bed.
Therefore in dynamic sysems, the lowest flow rae possble is commonly goplied in
order to maximize the reaction of andytes as they trave through the enzyme bed.
However, lower flow rates give longer extraction/reection times, which could be
prohibitive in high-throughput |aboretories Dumont et d. (82) has demondrated that a
higher CC. flow rate increased the converson rate of myrisic acid and ethanol to ethyl
myridate, dthough the mean resdence time of analytes in the enzyme bed decreased.

This wes explaned by the enhanced dilution of the ethanol by SC-CO,, and ethanol hes

16
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an inhibiting effect on the enzyme activity. This interpretation was supported by
performing another experiment where the subgrate concentrations were kept congtant in
the SC-CO, while increesng the flow rae which then gave rise to exponentidly
decreasing converson. Gunnlaugdottir and Svik (97) showed that a higher flow rate
coud be used to remove products and by-products from the reection mixture, and
thereby chift the reaction equilibrium toward synthess, and demondrated that the flow
rate affects the sdlectivity of the process, i.e. a higher flow rate showed bias toward the
more Soluble components. Hence, changing the flow rate in a SFR sysdem is a

convenient way of improving the yied and purity the reaction product.

Experimental aspects

Solubility of substrates in a supercritical fluid (SF)

A primary experimenta variable is the solubility of the reaction subdrates in the SF,
gnce the subdrate concentration should be as high as possble in order to approach

highest reaction rate (98). This dependence is given by the Michadis-Menten equetion:
v = (VmaCab) / (Km + Canb)

where v (mmd min® gwmays) is the observed reaction rate, Cap (M) is the substrate
concentration, Vi (MMd min® gleays) is the limiting reaction rate, and Ky, (M) is the
Michadis congant. Yoon et d. (99) showed that the reaction rate of RML-cadyzed
interedterification of triolein (for the production of 1,3-dibehenoyl-2-deoyl-glyceral, o0
cdled BOB) was much higher with ethyl behenate (EB) than with behenic acid (BA).
This is due to the much higher solubility of the former subdrate than the later in SG

CO2. The solubility of solutes in SFs has been described by Chradtil (88) as a function
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of dengty of the SF (a specific temperatures and pressures), the molecular weights of
lute and solvent, and the solutes solvation number in SG-CO,. If the solubility of the
subdrates is dill not sufficient in the pure SF, cosolvents can be added to enhance ther
solubility. Heo et d. (94) showed that when tert-butanol was added as a cosolvent to
SC-CO,, it increesed the solubility of methyl-b-D-fructofuranoside in SG-CO,, enabling
a high yidd for the CALB-catdyzed acidolyss resction with caprylic acid. However, as
discussed previoudy, cosolvents may have negaive effects on the enzyme, induding

competitive inhibition, eric hindrance, denaturation, and dehydration.

For example, Jackson and King (100) found an optimd methandl flow rae of 5 nb/min
for the continuous CALB-catdyzed methanolyss of triacylglycerols from soy flakes
Lower flow rates were found to give a dower reaction rate and thereby a lower yidd of
faty acid methyl esers (FAMEs), while higher flow rates inhibited the activity of the
enzyme. If the subdrates are highly polar, two dternative gpproaches have been
suggested by Cadiillo e d. (101), in which the subgtrates were either adsorbed on dlica
gd or trandormed to phenylboronic acid complexes Using this gpproach, the solubility
of glycerol and D-fructose in SC-CO, were ggnificantly improved, endbling RML-
catdyzed edeificaion to occur with oleic acid to produce mono- di- and triolen and

fructose esters.

Effects of substrates and products on the enzyme activity

The sze of the subgrate can affect the reection rate, as it is reated to the fit of the
subdrate in the active dte of the enzyme Chuldaksananukul e d. (19) demondrated
that propyl acetete had the optima ester chain length for the RML-caayzed dcoholyss

of geraniol to geranyl acetate in SC-CO.. Eders of shorter chain length (methyl- and
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ethyl acetate) as well as eders of longer chan length (butyl-, pentyl- and octyl acetate)

gave riseto lower enzyme activity.

Both subdtrates and products can affect the enzyme activity by accumulaing neer the
enzyme surface, and thereby dericaly hinder new subdtrates from reeching the active
sites(102). This problem can be overcome by assuring the reaction products and by-
products are removed, for example by employing a semi-continuous or continuous flow

reactor.

Types of reactor modules

Severd different types of reactor modules have been used for enzymaticaly-catayzed
reections in SFs, induding: (i) baich reactor (23, 51); (ii) recirculating batch reactor (75,
8); (iii) extractive reactor (97, 103); (iv) semi-continuous reactor (68); (V) continuous
reactor (104, 105); and (vi) automated andyticd SFE/SFR system (37, 38, 42). These
different reactor types are schemdaicdly shown in Figure 4.

Figure 4

In batch reactors and extractive reactors (Figure 4A and C) the impact of externd
diffuson limitations are grester than with recirculding or continuous packedbed
sysems. Bernard and Barth (106) demondrated the importance of dirring to avoid this
externd diffuson limitation. In packedbed sysems (Figure 4B,D-F) the flow of SF
provides convection forces, leading to short diffuson disances through the boundary
layer that exids between the bulk flud and the enzyme In addition, mass trandfer

limitations can be minimized by opeaing a devated temperaiure and higher subdtrate
concentration (30, 98). Such internd mass transfer limitations occur in both batch and

continuous sydems, due to dow diffuson indde the porous enzyme materid. This
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effect can be minimized by usng smdler support patide Szes which should yidd

faster reaction kinetics (106).

A mgor disadvantage with batch sysems (Figure 4A-B) is the accumulation of products
and by-products in the sysem, which dows down the reaction & some point due to their
atanment of eguilibium in endosed system. Adschiri et d. (107) demondrated that
extractive reaction gave a higher interesterification yidd between tricaprylin and methyl
oleste than when the reaction was conducted in the baich mode. This was due to
continuous remova of the by-product, methyl cgprylate, which shifted the equilibrium

forward.

The use of enzymes in packed bed

It is not advisble to use crude enzymes in continuous packedbed systems, since the
high operating pressure will compress the fine enzyme particles into a compact plug,
leading to a large pressure drop over the reactor column. Insteed, enzymes immohilized
on a gtdble materid, such as inet polymeric hydrophobic materid (eg. Accurd
EP1000) or beads of glass or ceamics, should be employed The amount of
immohbilized enzyme is not as important as the totd length of the enzyme-bed, since this
determines the resdence time of the subdrates in the reector. The object in andyticad
work is to achieve quatitative yidds in the reection, which strongly depends on the
resdence time. A lower flow raie of the SF or, dterndively, of the subdrates (if the
subdrate is continuoudy fed into the system), dso results in a longer residence time,

and enhanced conversion.

There ae two options for faclitating an enzyme bed: in the extraction cdl, or in a

separate column. The enzyme bed is placed &fter the sample (or subdtrates) with respect
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to the fow of the SF. Usng the enzyme bed in the extraction cdl, as opposed to having
it in a sgparate column has the advantage that the reaction and extraction conditions are
identicdl and that the average digance between the andytes in the sample and the
enzyme bed is short. However, it is eeser to handle and wash immobilized enzymes for

reuse if they are packed in a separate column.

Immohbilized enzymes can be washed and reused, which lowers the cost of the andyticd
process. It has been shown that immobilized CALB (Novozyme 435) can be recycled at
leest 25 times without decressing its activity, when used during continuous andytica
SE with SC-CO,, a 172 am, 50°C and 1% of methanol as co-solvent (37). It is aso
advantageous to wash the fresh enzyme preparation (newly immobilized or purchasd),
in order to reduce initid contamingtion. Tumner e d. (76) discovered that both
commercdly-obtained and laboraiory-made  immobilized  lipasepreparations  contained
lipid components, which intefered with the chromatogrgphic andlyss of fat-soluble
vitamins. It was shown tha 30 minutes of treatment with SC-CO,, udng the same
conditions as those applied during the enzymatic reaction, was sufficient to obtan clean
enzymes with high activity. Giessauf and Gamse (13) dso found thet dgnificant
amounts of free faty acids in PPL could be removed with SC-CO,. Furthermore, Bauer
et d. (108) demondrated that treatment of crude esterase from Bulkholderia gladioli
with SC-CO, reaulted in 121% enzyme activity compared to 102% (nearly congtant
activity) for the dready purified enzyme In the same dudy (108), it was dso
demondrated that the SC-CO; treaed enzyme has dgnificantly higher long-term
gability in SC-CO, a 150 bar (2176 pd) and 75°C than crude Bulkholderia gladioli

esterase.
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Sample pre-treatment

If an automated andyticd SFE system is used for subsequent extraction of a sample and
enzymdic reection of the extracted components, the sample pretreatment can be of
magor importance. The waer content of the sample is sgnificant, Snce a large portion
of this waer could be coextracted with the SF, and reach the enzyme-bed. Therefore,
when usng enzymes in automated andyticd SFE sysem, it is importat to dry the
sanple before extraction, in order to control the water content subsequently of the
immobilized enzyme. Shyder & d. (37, 78) showed that remova of water from mest
and oilseed samples prior to SFE was criticd for a successful  extraction/lipase-
cadyzed reaction of lipid matrices. Drying of the sample can be achieved by ar-drying,
freeze-drying or mixing with a drying agent such as Hydromatrixo, basc duming,
molecular Seves or magnesum sulfae. In an andyticd sudy by Shwyder & d. (78);
freeze-drying was found to be more efficent then Hydromatrixo. However, both drying
methods gave higher yidds of FAMEs for the CALB-catdyzed methanolyss reection
of triacylglycerols extracted from meat and oilseed samples, compared to the untrested

samples.

Analysis procedures

The extent of the reaction can be continuoudy monitored by visud examingion if the
reection cdl is equipped with a sgphire window (12, 107), or by employing ether an
orHine coupled detector such as UV equipped with a high pressure flow-through cdl
(74) or dternativdy, with an on-line chromatograph such as HPLC (52). It has dso been
demondrated by Berg et d. (109) that an andyticd SFE/SFR sysem can be coupled on

line with a SFC employing FID detection, in the determination of methyl- and butyl
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faty acid eses King and coworkers have further demondrated the efficacy of
automatic extraction/reaction/determination procedure for the determination of FAMES

tsing on-line SFE/SFR-GC (37, 69).

However, off-line SFEfSFR methodologies are mog commonly used, in which lipid
compounds ae determined by employing HPLC with UV (101), ELSD (97), or Rl
(110) detection, GC-FID (38, 91), or SFC-FID (69, 105). The sdectivity of the
SFE/SFR method can be improved by employing fractionated collection, particularly if
avalable on an automaed SFE sysem. This was substantiated by the study by Marty e
d. (1101, in which a continuous reector with four separators for collection enabled good

separation of a produced ester from unreected oleic acid.

In andyticd studies, the cdculaed yidd of the SFE/SFR process is usudly based on the
“true’ or expected content of the andyte in the sample. If spiked samples are used, the
andyte contert is intrindcdly known. However, the use of spiked samples does not
give a true picture of the SFE/SFR procedure, snce the extraction of naturdly-occurring
andytes from a red sample is usudly much dower than the extraction of andytes,
siked in the same sample. If red samples are used, the andyte content has to be
defined as accuratdy as possble This can be done employing conventiond
methodology and sdting the “100% recovery” based on an average of these
experimentd results. An dternative gpproach is to send the samples to a referee
laboratory for andyticad determination. Another gpproach is to use a standard reference
materid (SRM) in which the andyte content has been thoroughly determined by severd
laboratories employing different methodologies. However, if the objective is to evauate
a SF-based method, it can be incdluded in an aranged collaboraive sudy, in which a

large number of laboratories participate (112).
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Applications of enzymes with critical fluids

Enzymes have frequently been used in SFs for synthess of high-vdue lipids (30, 34,
113, 114). Examples indude RML-caidyzed hydrolyss of canola oil for the production
of mono- and diacylglycerals, free faty acids and glycerol (105), the CALB-cadyzed
dooholyss of ocod liver ol for the production of ethyl eters of long-chan n-3
polyunsaiurated faity acids (97), the CRL-cadyzed edeificaion of faty acids from
milk fat for the formation of flavor esers (91), or the RML-cadyzed interesterification
of pdm oil and trigearin for the synthess of cocoa butter equivaents (115). Andyticd
goplications have been manly concerned with quantitative  extraction/lipase-catdyzed
dooholyds of odeaginous maeids in-Stu for the production of FAMES directly
folowed by off or oHline GC andyss. However, lipases have dso been used in
andyticd SFE/SFR for hydrolyss and dcoholyss reactions for the deermination of
fat-soluble vitamins in foods, thereby avoiding the need for sample cleanup prior to
HPLC andyss These different andyticd agpplications will be discussed in more detall

bdow.

Fat determination for food labding purposes today has to follow the definition
edablished by the Nutritiond Labeling and Educaion Act (NLEA), i.e. nutritiond fa is
a sum of faty acds from mono-, di- and triacylglycerols free faty acid, phospholipid
faty acids and derol fatty acids ec (116). The conventiond methodology for fat
determination recommended by NLEA dso indudes acid- or dkdine-hydrolyss
lvent  extrection, followed by chemicd derivaization reaction for the production of
FAMEs with find andyss by GC. This methodology is tedious and consumes large
amounts of organic solvents. An automated SFE/SFR method in many aspects would be

awe comed dternative.
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In an ealy sudy by Berg e d. (109), an SFE unit was coupled on-line to a capillary
SFC employing MS or FID deection. The reaction cadyzed by an immobilized RML
was acoholyss of edible fat to methyl and butyl fetty acid eders. The extraction cdl
was loaded with segmented layers from the inlet Sde to the outlet side with (i) hydrated
dlica (to provide the enzyme with waer); (ii) cotton wool with the dcoholic subdtrate
(i) a mixture of edible fa, lipase and phogphate buffer (pH 7); (iv) cotton wooal; and (V)
dried NaSOx (to remove excessve water that could cause plugging of the restrictor
with ice). Supercriticd carbon dioxide a a pressure of 150 bar (2176 pd) and a
temperature of 50°C was thus used to conduct the SFE/SFR. However, recovery data

with respect to the formed methyl and butyl faity acid esters were not given.

Jackson and King (100) demondrated that when corn or soybean oil and methanol were
smultaneoudy pumped into SC-CO, ad then passed through an enzyme-bed of
immobilized CALB, that high yidds of resultat FAMES could be obtaned. Two Isco
100 DX syringe pumps were used for deivering SC-CO, and another two for the above
resctants, resulting in the quantitative formation of FAMES as determined by capillary
GC-HD. Thee extractionlipase-catalyzed reactions were peformed a 24.1 MPa and
50°C. The obtained extraction recoveries were in the range 85-95%, and the product
contained >95% FAMEs. The effect of methanol flow rate and water content on the
converson of triacylglycerols to FAMEs were invedigated, and indicated tha a
methanol flow rate of 5 nL/min ad dry SC-CO, gave optimd results These promising

results served as a basis for further andytica studies.

In an analyticd sudy, Syder & d. (37), deemined the totd nutritiond fa content in
mest samples by employing SFE/SFR via CALB-cadyzed dcoholyss and inHine

determingtion of the resultant FAMEs by GC/FID. The interface between the SFE and
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the GC ingruments was a Hewlett Packard designed “bridge’ system, where a robotic
am trandeared the andyticd vids from the SFE collection tray to the GC autosampler
tray. Thisfully automated sysem is shown in Figure 5.

Figure 5

The extraction cdls were loaded smilaly as described previoudy (109), and induded
one layer conssed of a homogenized, freeze-dried meat sample and another layer
containing the immobilized lipase both layers separated by glass wool in the extraction
cdl. In this dudy, it was shown that the immobilized CALB cadys could be washed
and reused a leest 25 times without a decrease in activity. SFE/SFR conditions of 12.16
MPa ad 50°C uing a SC-CO; flow rae of 1 mL/min, and a methanol flow rate of 5
niL/min, dynamic extraction time of 30 min, yidded 99.5% or better converson of the
extracted triacylglycerols to FAMES In addition, no sgnificant differences were found
between results using the described method on two different indruments a Hewlett-
Packard 7680T extractor coupled indine to a GC or an off-line Isco sysem utilizing
three I1sco 100DX pumps. Thee results dso did not differ ggnificantly from results
obtaned usng conventiond methodology based on solvet extraction and BFs
cadyzed edeification of the same samples. However, gravimetric determination of the
totd fa in these samples by conventiond methodology gave ggnificantly higher vaues,
mogt likdy due to coextraction of water and other extraneous, non-lipid components.

The effect of moidure in the sample on both lipid extraction and lipasecatayzed
dooholyss via SFE was ds0 dudied (78). Usng a smilar method and the same
SFE/SFR sysdem (37), additiond samples (meat samples oilsseds of canola, soybean,
sunflower and wheat germ) were andyzed for lipid content. These samples were ether

mixed with Hydromatrixo, freeze-dried or not pretresied at al. The results showed that
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waer in the sample inhibits the extraction of lipids and the CALB-catdyzed converson
of triacylglycerols to FAMES Freeze-drying of the samples turned out to be the most
eficdent sample pretretment, yidding dggnificantly different results from  those
obtained from mixing with Hydromatrix®. In this study, it was aso demonstrated that
cholesteryl esers could be quantitaively extracted and converted to cholesterol and
FAMEs, a could phospholipids, yidding enzymatic converson >96% and andyte
recoveries ranging from 88 to 99%. The determined total fat/oil content in these mest
and oilseed samples were smilar to those obtained by doing Soxhlet extraction on the

same samples.

In an interesting andytica gpplication reported by King e d. (38), the totd faity acid
content of sogpstocks derived from soybeans and corn oil processing was determined. A
smilar SFE/SFR methodology as described above (37) wes used, with immobilized
CALB & the catdys. Both Hewlett-Packard 7680T and Isco SFX-3560 SFE
ingruments were utilized to demondrate the technique. FAME andyss of the extracts
(products) from both extractions was done by capillay GG-HD. This methodology wes
then compared to an officd AOCS method (G3-53) based on sgponification followed
by solvent extraction and gravimetric determination as well as a smple SFC method.
The protocds of these three methodologies are shown in Figure 6.

Figure 6

The AOCS method yidded dightly lower vaues of FFA content of the sogpstocks then
the SFE/SFR method, but higher than a corresponding rgpid SFC method that was dso
reported. In addition, the SFE/SFR method was fully automated, faster (3 h, in contrast
to 58 h reguired by the AOCS method) and used condderably less organic solvent (1.8

mL, compared to 575 mL usng the AOCS method). However, as the author pointed
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out, SFC is a dmple and fast dtendive technique (only % h), which yidds an
aoproximate determination of the FFA level in sogpstocks (using only 8 mL of solvent

per sample), and thus could be used for some gpplications.

In an andytica application by Turner and McKeon (39), the content of cis-vaccenic
add in milkwead seeds was detemined usng immobilized CALB in SC-CO. for
extraction and methanolyss of seed oil to FAMEs Two different types of carrier
materids for the enzyme were tested -a hydrophobic polymer (Novozyme 435) and a
dlicabased materid (NovoSample 40013), both from Novozymes A/S. Seved SFE
paameters were investigated to find the optima conditions, induding extraction time,
temperaiure, methanol concentration, and water leve. The optima methanol and water
concentrations  differed for the two enzyme preparaions dudied, in that NovoSample
40013 was more sengtive to methanol (the lowest concentration tested, 1%, gave the
highet yidd, while 3% was optimd for Novozyme 435), and NovoSample 40013
required a smdl amount of waer to be active (0.03%) while Novozyme 435 gave the
highest yidd a zero waer concentration. Overdl, Novozyme 435 demondrated the
fedtest reaction kinetics and consgently gave the highest cis-vaccenate yidds. The
optimized methodology was goplied on 15 spedes of milkweed seeds giving an
average recovery of 105 +/- 7% when compared to results obtained using a conventiond
methodology.

In another andlyticadl sudy by Turner et d. (40), Novozyme 435 was used in an Isco
3560 extraction sysem for andyds of cagtor oil. Satidicd desgn wes used to find the
optimad expeimentd conditions from vaying pressure, temperature,  methanol
concentration and water concentration. Response surfaces were plotted, and these

showed trends leading to nearly 100% yidd for both the extraction and transmethylation
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of the cador oil. The optimd parameters included the use of SCG-CO, a 300 bar (4351
ps) and 80°C with 7 vol% methanol concentration and 0.02 vol% water concentration.
These conditions were then used for the determination of oil content in castor seeds
expressed as FAMES. The results obtaned usng this enzyme-based methodology were
gmila to thoe  obtaned usng conventiond solvent-extraction/chemica

transmethylation.

In a nonandyticd dudy, but usng andyticd scade extraction/reaction equipment, King
et d. (117) invedigaed the synthess of dserol esters from ther component faity acids
and deds in SC-CO2. Four enzymes Novozyme 435, Chirazyme L-1, Chiarzyme L-3,
and Lypozyme IM were individudly screened for ther synthetic utility, Chirezyme L-1
proving to be the optimd lipase for aove synthess A ladder of pressures (20.7 - 31
MPa), temperaures (40-60°C), faty acd chan lengths (C8-C18), were utilized to
characterize the feashility of enzymaic-catayzed synthess. Vaiables such as flow rate
and datic hold times, as wel as a scheme for the continuous addition of reectants were

dso dudied. High yidds of the corresponding sterol esters were achieved using two
modd deos choeterd and dtogtanol, ranging from  90-9%%. Sightly  higher
conversdon of the corresponding derol esters was found as the chain length of reacting
faty acid increased. The described method gppears to be a facile way of synthesizing
cholesterol -reducing sterol esters, but could dso have utility in preparing specific ester

derivatives for anaytica purposes.

Some lipases can be used to catdyze the hydrolyssdcoholyss of fa-soluble vitamin
eders. In two sudies by Turner et d. (42, 76), it was shown that vitamin A (retinol) and
vitamin E (tocopherols) could quartitetivdly be determined in various food items using

immobilized CALB to hydrolyze both retinyl esters, thereby fadilitating find andlysis
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and integrated sample clean-up. The extraction cel was loaded as previoudy described
(37); one layer of homogenized sample mixed with HydromatrixO (inlet sde), one layer
of immobilized enzyme (outlet Sde), both layers being separaied by glass wool. Ethanol
was added both initidly to the sample and cortinuoudy to the SC-CO, Samples were
andyzed by RP-HPLC usng UV and fluorescence deection, off-line after SFE/SFR. In
the fird dudy (42), the effect of usng different lipases, pressures, temperatures,
extraction time and modifier concentrations was invedigated for the determination of
vitamin A in milk powder. The optimized SFE/SFR methodology was tested on infant
formula (NIST Standard Reference Materid 1846) minced pork- and beef meat and
lov- and highfa liver paste, giving good recoveries of vitamin A and E when

compared to methodol ogies based on akdine hydrolysis (sgponification).

In the second dudy (76), Sx lipases and one esterase were screened for activity with
retinyl pamitate and a-tocopheryl acetate in solvent sysems having different water
activity (aw): (i) high av in water-saturated dirisopropyl ether (~1.2%, w:w); (ii) low &
in nhexangdethanol  [87.5/125 (viv)]; and (iii) medium a, in SC-COjethanol/water
[97/2850.15 (viviv)] mixture. Three lipases, CALB, RML and PCL, condgtently gave
the highest converdon of retinyl pamitate to retinol for dl the solvent sysems tested.
None of the enzymes showed any activity towards a-tocopheryl acetate, presumably
due to deric hindrance of this adyte & the enzymes active ste Immobilized CALB
showed the highes activity and dability & supercriticd conditions and a larger
tolerance to different water activities and higher temperatures. The optimd SFE/SFR
paameaes usng SC-CO, contaning 3 vol% ethanol and 0.03 vol% water, were a
pressure of 366 bar (5308 ps) and a temperature of 80°C (dendty of 0.8 g/mL), a 5 min

ddic extraction followed by 75 min dynamic extraction & 0.5 mL/min, followed by a
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45 min dynamic extraction a 10 mL/min, to assure quantitative extraction of the
vitamins and to avoid breskthrough losses of unreacted vitamin  esers.  This
methodology gave 100% recovery or higher of vitamin A and E in milk powder and
infant formula, when compared to results obtained with the same samples employing
traditiond  methodologies based on  sgonification.  This  would  confirm  that
sgponification is a harsh treetment which can lead to degradaion of the sendtive fat-
luble vitamins (118), and overdl supports that enzymetic hydrolyss is a superior

sample preparation method for accurate determination of the vitamins in foodstuffs.

Taylor and King (41) explored the posshility of gpplying a SFE/SFR stcheme for the
andyss of both faty and resn acids in tdl oil products. Sx different lipases were
screened for synthetic efficacy: Novozyme SP 435, Lipozyme IM, Chirazyme L-1, as
wel as three laboratory prepared, supported lipases on Accurd EP100. Usng an
automated Isco Modd 3560 extractor and the previoudy described segmented bed
goproach in the extraction cdl (37), the firg three of the above enzymes were evduated
for ther ability to foom FAMEs as wdl as resn acid mehyl esters (RAMES). The
Accurd-supported lipases were dmilaly evduaed usng an Isco SFX-2-10 extractor
SFE sygem due to the more limited quantities of these supported enzymes Using the
SFE/SFR conditions previoudy reported by Snyder et d. (37), it was found none of the
above Accurd-supported enzymes produced ether FAMEs or RAMES. However,
Novozyme SP 435, Lipozyme IM, and Chirazyme L-1, produced FAMES and to
vaying degresss, RAMES, the best reaults as noted previoudy being atained using
Novozyme SP 435. However even Novozyme SP 435 gave only quditdive converson
of tdl ail to the component RAMES. Synthesis of the methyl esters of tdl oil resn acids

for andyticad purposes is difficult even by conventiond derivaization methods due
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largdly in pat to bulky subdituents which impede reaction of the methanol with the
caboxylic acid group of the resin acid. However the reported SFE/SFR method does
provide an andyticd method for differentiating between the two types of acid moieties

in tdl ol mixtures,

In an innovative sudy by Bauza & d. (49), immobilized horse radish peroxidase (HRP)
and cholesterol oxidase (COD) were used in SCG-CO, for andyss of hydrogen
peroxidase in vegetable oils and cholesterdl in faa samples like whole milk, egg yolk,
chicken and bedf fa, lad and fish liver cil. The principle of the reaction is tha
cholesteral extracted from the sample reacts with oxygen to form 4-cholesten3-one and
hydrogen peroxide, a reection cadyzed by COD. The hydrogen peroxide produced
reacts with 4-amino antipyrine and 2-chlorophenol to form a quinoid dye, a reaction
cadyzed by HRP. The quinoid dye srongly absorbs light a 554 nm, and andysis was
peformed by HPLC. The enzymes were immobilized on controlled pore glass beads,
and demondrated good dability (~16 hours of use) in SG-CO, containing 5% toluene

saturated with phosphate buffer containing 1% ethanal.

Conclusions and further recommendations

In the above review, we have documented the use of enzymes with supercriticd fluid
media namdy SC-COp, to fadlitate sample extraction, prepardtion, and andyss. As
noted in the numerous cited goplications, induson of enzymes in SF-based methods
can facilitate an integrated scheme incorporating the above three discrete andyss steps.
To date the use of lipases for fadlitating transegterification or hydrolyss seems
paticulaly promisng when aoplied to the andyds of lipidtype andytes that exhibit

high sdubiliies in SC-CO,. Such enzymes could dso be incorporaied in additiond
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goplications and even with polar andytes whose solubility may be enhanced by the
addition of ether a non-reactive or resctive cosolvent to SC-CO.. It should be stressed
thaa SF conditions which may work with one enzyme may not be gppropriate for
another type of enzyme, however one of the advantages of SF-based andyticad methods
is that conditions or fluids can be readily dtered to be compdible with the caaytic
activity of many enzymes. The use of mixtures of enzymes eg., mixed lipases haes
herdily been explored and this could expand the use of SFE/SFR-based techniques and

make them more rigorous.

The preparation of samples off-line before enacting SFE has been documented in the
literature (119) and nonenzymatic SFE/SFR schemes have been documented numerous
times in the literature on a plethora of gpplications (35, 120-122). Certanly the &bility to
extract and derivaize Imultaneoudy in an environmentadly-responsble manner makes
SFE/SFR-based methods atrective to the andyticd chemist. Enzymétic action on the
sample matrix to "free up" bound andytes has a precedent in the literature, but has only
been spaingly goplied in conjunction with andyticd supercriticd fluid techniques. For
example, the gpplication of carbohydrases may have meit in modifying the sample
matrix in the presence of a supercritica fluid, or dternatively to facilitate a reaction
with a target andyte. The recent application of andyticad subcriticd water extraction to
biologicd marices (123) ocould provide the proper medium and conditions for
exploiting this particular dass of enzymes.

The transesterification dudies in SC-CO, to form FAMEs as reported in this review
have other interesing agoplications For example, thee andytica-scde derivatization
can be usad to modd SFR for potentid scde-up to an engineering leve for the "green”

processng of a number of indudridly-useful products. Present incidents of microbia
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food ocontamination and dtack sugges potentid gpplications of reported S
derivatizetion methods for rgpidly identifying microorganiams via ther FAME profiles
(124-126). The above techniques can readily be gpplied to smdl samples such as
portions of a seed (127) or insects, with or without derivaization of the andyte. There is
much to be learned regarding other possbilities from reeding the literature concerned
with indudrid or enginesring aoplications of SFs (128-130) as wel as the literature on
ultrachigh pressure food processng (131, 132), where control of enzymdic activity in

foodsis paramount to improving or producing longer lagting shelf life products.
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Figure captions
Figure 1 Published papers concening the utilization of enzymes as cadyds in SFs
obtained from chemicd abdract onine.

Figure 2  Mechanism for alipase catalyzed reaction d triacylglyceral.

Figure 3 Retinol recoveries obtained by enzymdic reaction of retinyl pamitate usng
immobilizezd CALB and RML in amdyticd SFE (n=3). The wae activities of the
immobilized enzymes were st to 043 and the dendty was maintaned a 0.8 gmL by

using different pressures for the temperatures investigated. Reference taken from (76).

Figure 4 Schematics of different types of reasctor modules used in SF applications
[patly redrawn from ref (27)]. Abbrevigtions SF=supercriticd fluid, S=subdrates,

E=enzyme, P=products and C=chromatograph.
Figure 5  Fully automated SFE/SFR/GC insrument [redrawn from ref. (37)].

Figure 6 Compaison of the AOCS offid method G353 for faty acid content of

soapgtock with SFE/SFR and SFC methods [redrawn from ref. (38)].



Tables

Table 1

Abbrevigtions  (Abbr),

sectivity (in organic  olvents) and  molecular

weghts (MW) of some lipases that have been used as cadyds in SFs taken from

reference (60). Representative references from the literature are shown in the rightmost

column.
Lipase Lipase family Abbr. Selectivity MW SF ref.
Porcine pancrestic Mammalian PPL 13-sHective 50 kDa (12
Candida rugosa Fungdl CRL nonselective 60-65 kDa (133)
Candida rugosa
Rhizomucor miehei Fungd RML 13-dective 30-35 kDa (134)
Rhizomucor
Rhizopus oryzae 2 ROL 13-ective 2 (66)
Humicola lanuginosa 2 HLL ~nonsdective 2 (235)
Penicillium 2 PcamL 13-dective 2 (115)
camembertii
Candida antarctica B 2 CALB 13-ective 2 (136)
Aspergillus niger Fungd ANL 13-Hective - (237)
Unclassfied
Pseudomonas cepacia Bacterid PCL nonselective 30-35 kDa (74)
Pseudomonas
Pseudomonas “ PFL nonselective “ (138)
fluorescence
Bacillus Bacterid BTL2 - 4045 kDa (137)
thermocatenulatus Staphylococcus
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Figures

Enzyme-catalyzed reactionsin SFs
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Figure 3

Recovery retinol (%)
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Weight

Total Time5-8h
(solvent = 575 mL)

Figure 6

(solvent = 1.8 mL)
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Extract with Pet Ether SFE/SFR Add Internal Standard
| | |
Filter the Combined GCIFAME Analysis SFC Andlysis
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|
Wash Filter Paper Total Time 3 h Total Time 3/4 h
(solvent =8 mL)




